Severe hypoxenmia enhances the effect of endogenous and exogenous acetylcholine to depress the supraventricular pacemakers and conduction pathways, as shown in experiments on dogs.
D URING acute hypoxemic states which are observed clinically during anesthesia and on exposure to high altitudes, cardiac irregularities including various degrees of block may be seen. The mechanism of these irregularities has not been adequately elucidated. It is known that early in hypoxia an increase in sympathetic tonus is seen1; late in hypoxia, however, the effect of epinephrine and other sympathetic mediators may be inhibited." ' Under such conditions, augmentation of unopposed parasympathetic action might easily lead to cardiac slowing and to various degrees of heart block.
In the normal animal, injection of acetylcholine results in various degrees of depression of the sinus node ranging from sinus bradycardia to sinus standstill, with or without, the occurrence of A-V nodal rhythm. The A-V conduction system is also depressed, causing A-V block and the appearance of idioventricular rhythms.' This effect of acetylcholine is enhanced in anemia.5 Other workers have demonstrated that asphyxia increases the likelihood of auricular fibrillation on injection of mecholyl (acetyl-beta-methyleholine) .fi The present studies were undertaken in an effort to analyze the mechanism of heart block produced by this parasympathomimetic action occurring during acute hypoxemia. mg./Kg.); of these 8 were vagotomized bilaterally, and in 5 the vagi were left intact. In addition, two dogs with intact vagi were anesthetized with chloralose (100 mg./Kg.) and morphine sulfate (0.8 mg.) administered intravenously. After tracheotomy the thorax was opened by retraction of the ribs. Positive blast respiration was used. In this way the shift from air to nitrogen breathing could be accomplished in a second or two. At the end of hypoxemia periods, which lasted up to four minutes, air was again substituted for the nitrogen. Blood pressure from a femoral artery was recorded on a kymograph by means of a mercury manometer. Under fluoroscopic control a Cournand catheter was insertedl through the left femoral artery into the left ventricle, the tip being directed toward the sinuses of Valsalva. In this way the acetylcholine used to determine sensitivxity could be injectedl in apposition to the coronary ostia, thus eliminating to a large degree the variable factors of dilution in the pulmonary circuit, destruction in transit, and variability of delivery to the coronary arteries during left ventricular ejection. After each injection the catheter was flushed out with isotonic saline. Standard limb leads andl occasional esophageal lead electrocardiograms were recorded on a direct-writing Viso-cardiette. A record was taken before hypoxemia and at various intervals during nitrogen breathing and (luring ieoxygenationl. Acetylcholine was injected via the catheter at intervals of thirty and sixty seconds or more of nitrogen breathing anird the electrocardiographic Ies5lolse noted, particular attention being paid to the occurence of heart block.
METHODS *
Since the P wvave is sometimes relatively difficult to define and its beginning may not be easily seen, the R-R interval was used as a measure of heart rate whenever sinus rhythm was seen. R-R was also usedl in A-V nodal rhythm annd in first-degree A-V block.
In the few instances in which complete A-V block was p)Lodlucedl the effect of the acetylcholine was (eterminedl by P-P distance. Increases in R-R (and P-P) (listance lneasuredl to 0.01 secondl were used to leternine the effect of each at(etyleloliine close on the heart. At the end of each experiment the position of the catheter in elation to the sinuses of Vails.alv. was checked anatomi(ally by opening the aorta. In the experiments discussed below, the caltheter was 712 found to be at or near the sinuses of Valsalva or in the left ventricle.*
RESULTS
Heart Rate in Acute Hypoxemia. The cardiac response to hypoxemia depends in large measure upon the relative tonus of the sympathetic and vagus nerves. This was demonstrated by a comparison of the effects of two types of anesthesia: (1) nembutal, which reduces vagal tone through central inhibition and results in an rhythm being present throughout. Further slowing of the sinus node frequently led to the occurrence of A-V nodal rhythm.
In the dogs with vagi intact, anesthetized with chloralose-morphine, the accelerator phase in early hypoxemia was much less apparent and the slowing was very marked, with a shift of pacemaker occurring early in every instance ( fig. 1) . These experiments had to be terminated early because of the marked irregularity of the heart with shift in pacemaker, and a resultant (2) chloralose-morphine, which produces an increase in the activity of the vagal centers, and usually though not always slows the heart rate.
In intact nembutalized dogs, the induction of hypoxemia often produced a slight transient acceleration of the heart rate, but in nearly every instance the rate was slowed as the hypoxemia progressed ( fig. 1 ). For example, a control rate of eighty-one per minute increased to ninety-three at sixty seconds of hypoxemia, and then slowed progressively to sixty beats per minute at the end of two hundred and twenty seconds of nitrogen breathing, sinus *In one experiment an acute myocardial infarction was seen post mortem, possibly produced by the cathetelr. unreliability in the interpretation of effect on the electrocardiogram.
When the vagi were sectioned and the central parasympathetic tone eliminated, the action of the anesthetic agent on the parasympathetic system was no longer apparent. In these cases, the first effect of hypoxemia was a slight acceleration of the heart rate followed by a, slight or moderate slowing ( fig. 1 ).
Determination of the Threshold. In dogs breathing air, acetylcholine was injected in ,various amounts in omder to determine the least amount necessary to produce a transient second-degree A-VI block, as indicated by the occurrence of at least one blocked beat. This amount was called the threshold dose and it varied considerably from one animal to another being 10 to 100 gamma in various experiments.
In the presence of hypoxemia, a threshold dose produced a greater degree of block. We therefore use subthreshold doses of the order of one-third to two-thirds the threshold dose. These subthreshold doses did not produce second-degree A-V block during air breathing, but showing the increased sensitivity to 20 gamma of .acetlcholinie in acute hypoxemiia, andl the rapid return to control values during reoxygenation. The value at the lower end of each column lepresents the ItR-l interval previous to acetylcholine inijectioin. The value at the upper end of the column indicates It-It within one to three seconds ,after injection. The dlistance between these two values represents the magnitude of the heart l)lock )ro(luce (l. (Discussed in text.) where adequate to influence the sinus rhythm and produce a minimal slowing of the heart in the hypoxemic state.
As the experiment on each preparation continued, a progressive increase in sensitivity to acetylcholine was noted. As a result, doses which were subthreshold early in the experiment later acquired a blocking effect. The threshold dose was therefore decreased gradually as the experiment progressed. After several hours there was a tendency to develop a rather constant threshold.
To exclude the effects of slight spontaneous and temporary changes in threshold, the effect of a subthreshold dose was carefully checked Senslitivit!y to eelylchi8oC1litie in ACute Hypoxetnia. Sensitivity was estimated in terms of the increase in the duration of the R-It (P-P) distance wN'hich occurred within one to three seconds after administration of acetylcholine. No significant differences were noted in the degree of sensitivity change in the animals receiving either nembutal or chloralose-morphine anesthesia. Vagotomy also did not change the response. For this reason all experiments are discussed as a single group (fig. 2 ). The results with each group are given in table 1. The response during the hypoxemia period in 75 per cent of instances was a progressive increase in sensitivity to acetylcholine. In 20 I '714 per cent a bidirectional effect was seen, in that at some point during the hypoxemic period a tendency to a transient decrease in sensitivity was noted; however, in all of these, the sensitivity at the end was always greater than at the beginning of the hypoxemic period. In 5 per cent of the experiments a marked increase in sensitivity was seen early, and this was followed by a progressive decrease in acetylcholine sensitivity during the hypoxemia period; in every instance, however, the final sensitivity was greater than the control. The animals anesthetized with chloralose-morphine were particularly sensitive to acetylcholine, as Chloralose Intact 7 7 0 0 morphine could be seen from the fact that the hypoxemia, even without further injection of acetyleholine, often resulted in marked bradycardia and the production of nodal rhythm. After one or two hypoxemic episodes these animals showed poor recovery and for this reason fewer studies were done on these preparations.
These results demonstrate that hypoxemia produces a progressive increase in sensitivity to acetylcholine. That this is not dependent only upon a central effect is shown by the fact that the increase occurs in the absence of (entral nervous connections, as in the vagotomized animals. The effect of hypoxemia must therefore be to increase the sensitivity of the receptor substance or to inhibit choline esterase.* *The possibility exists that an increase in coronary flow during the hypoxemic period resulting in aln increased delivery of acety-lcholine-laden blood to the pacemakers might simulate an increased sensitivity. The reversal of the effect during the reoxygenation period would, however, appear to exclude this possibility since it has been shown7 that after a period of hypoxemia a reactive hyperemia occurs during which Sensitivity to Acetylcholine During Reoxygenation. At the end of each hypoxemia period the animals were returned to oxygen breathing. During this reoxygenation period the accumulated sympathomimetic substances which were not metabolized during the hypoxemia phase, once again have an effect, as can be shown by a marked increase in blood pressure.2 During this period the sensitivity to acetylcholine is always rapidly returned to the control level within one to three minutes ( fig. 2 ). This return of sensitivity appears to be independent of the blood pressure changes. Vagotomy had no significant influence on the rate of return to normal sensitivity. The decrease in sensitivity may be due to the sudden resurgence of epinephrine and sympathomimetic activity which had been in abeyance during the period of marked hypoxemia.2 The possible role of potassium which has been shown to be released during anoxia must also be consiclered.
DISCUSSION AND CONCLUSIONS
Earlier worklerss have reported that the results obtained with large (loses of mecholyl \vere unpredictable, the reaction to the same (lose in a single experiment varying without apparent reason.8 In their hands, hypoxemia did not alter the effect of mecholyl on the cardiac mechanism. A possible explanation of their results is that injection into a systemic vein might easily result in a variable delivery of the drug to the coronary vessels. Our experiments obviated this difficulty in large measuire )y (lelivery of very small quantities of acetylcholine directly to the region of the coronary ostia, and resulted in considerable consistency from injection to injection. This is apparent in the comparison of the amount of acetylcholine required to prodluce block when injected into the leg vein, which varies from 80 to 3009 gamma, while (loses from 20 to 80 gamma will produce block if given via the blood flow through the coronary vessels is markedly increased. Despite this increase in coronary flow during the reoxygenation period, the sensitivity of the pacemakers returns to normal. It would therefore appear that the increased sensitivity seen in hypoxemia cannot be attributed to an increase in coronary flow.. catheter directly to the region of origin of the coronary vessels.
These experiments show that acute hypoxemia leads to progressive depression of the supraventricular pacemakers and conduction pathways of the heart. This effect is produced through a combination of a central and a peripheral mechanism. The central nervous mechanism probably involves stimulation of the vagal centers. The peripheral action as seen in the progressive increase in acetylcholine sensitivity probably occurs at the vagal terminations. This effect may be (cue to a direct inhibition of choline esterase or possibly due to the reported anti-choline esterase effect of epinephrine which apparently accumulates in the blood in severe hypoxemia. In addition, the inhibition of epinephrine action during severe hypoxemia would eliminate the stimulating effect of this substance on the supraventricular pacemakers.
These results emphasize that severe hypoxemia produces progressive heart block and even heart standstill, especially after the administration of vagotonic drugs.
